Ecological physiologists recognize the potential impacts of temperature on physiological traits, however less attention has been paid to changes in thermal variation on a scale that pertains directly to living organisms. Also, few studies have examined the effects of temperature variation or other climatic drivers on host-pathogen interactions. We evaluated the effect of acclimation to ambient temperature variability (0, 4 and 8 °C daily variability) on the immune performance in the insect Tenebrio molitor (Coleoptera). We observed that antibacterial activity differed signifi cantly between treatments. In addition, variances of antibacterial activity were larger under the more variable thermal conditions. Similarly to antibacterial responses, tyrosinase phenoloxidase activity was higher in animals living in the most variable thermal condition. We hypothesized that a stress-associated mechanism may affect negatively the constitutive immune activity in T. molitor. It is well known that acute stress can cause in insects a transient impairment in the resistance to bacterial infection. This increase in susceptibility to diseases is mediated, at least in part, by the release of neuro-hormones in response to stress.
INTRODUCTION
Studies of genetic differences and phenotypic plasticity in physiology among species and populations, and of the physiological changes that organisms display when temperatures or other climatic factors change, may help us to answer several evolutionar y questions (Futuyma 1998) . Regarding adaptation to environmental variability (e.g., temperature), theoretically it will depends on the temporal pattern of environmental changes and the tolerance of each phenotype.
Most studies relative to the ef fects of thermal variation have focused on life-history trait s (e.g., Dallwitz 1984 , Ragland & Kingsolver 2008 , Ji et al. 2007 , Pétavy et al. 2004 , Folguera et al. 2009 ). Along these lines, Lamb (1961) suggested that fl uctuating temperatures have a distinct ef fect on insect development as compared to constant temperatures (see also Dallwits 1984 , Hilbeck & Kennedy 1998 , Hercus et al. 2003 . Recently, studies assessed the impact of mean temperature and thermal variance on physiological per formances in ectotherms (Terblanche et al. 2010 , Folguera et al. 2011 , Bozinovic et al. 2011a , 2011b . In an overwintering butterfl y, Williams et al. (2012) repor ted that ambient thermal variability increases the effect of autumn warming and drives metabolic rate depression. In addition, climate may alter the frequency of potentially pathogenic microbial organisms, which can cause new diseases to various species and populations (Arias et al. 2011) . Indeed, Paaijmans et al. (2010) showed that daily fl uctuations in temperature infl uence malaria infection, development and transmission. Indeed, climate change may have an important ef fect on infectious diseases by influencing both the parasite and the host (Epstein et al. 1998 , Patz et al. 2005 , Tabachnick 2010 , Rohr et al. 2011 ). In addition Krams et al. (2011) demonstrated in water striders that body size is the main trait linking overwinter survival and resistance against infections. In mealworms beetles Krams et al. (2013) also demonstrated a trade-of f between cellular immunity and life span. Although some predictive models have suggested that climatic variability will influence infectious disease transmission dynamics, the immunological responses behind -at scales pertinent to individuals -oriented to understand their degree, spread and coverage are uncertain and remain still very descriptive (Mandrioli 2012) . In this perspective, the field of ecological immunology will help to explain and predict how immune defenses have evolved in a changing world and under variant habitat conditions, to sustain host fitness (Demas & Nelson 2011 , SchmidtHempel 2011 . Further, studies in this area will allow characterizing the range of phenotypic traits of native and allien species relative to the immune barriers to microbial aggression. Up to this date, few studies have examined the effects of temperature variation or other climatic drivers on host-pathogen interactions in current host and pathogen populations (but see Raffel et al. 2013 , Krams et al. 2011 ). Here we evaluated the effect of experimental changes in ambient temperature variability on the immune performance in the mealworm beetle Tenebrio molitor (Coleoptera: Tenebrionidae; Linnaeus 1758) which is used here as a model species. Direct research examining alterations in host immune function in native as well as invasive species are needed to understand the potential effect of temperature variation on pathogen resistance and diseases, even on human populations. Based on the relationship between environmental temperature and physiological performance (Angilletta 2009), we propose that if the mean environmental variables are below the physiological optimum, brief warming, will enhance the immune response more than brief cooling impairs performance (Lean & Rind 2008 , Rahmstorf & Coumou 2011 . Here, we have used tyrosinase phenoloxidase (PO) quantity and antibacterial activity measured as antimicrobial protein production as indicators of an insect's immune defense. Because PO is considered the key enzyme for encapsulation, melanization and wound repair (Söderhäll & Cerenius 1998 , Sugumaran 2002 , this enzyme is critical as an insect defensive strategy. Further, antibacterial activity represents the action of humoral defense including lysozyme activity, which is critical for the degradation of bacterial cell walls (Schneider 1985) . Thus, these systems provide an effi cient defense against pathogens and parasites (Siva-Jothy et al. 2005) . Insects present an immune system endowed with only innate immune components consisting of cellular (ocytosis and encapsulation) and humoral factors (antimicrobial peptides (AMPs) and the components of the pro-phenoloxidase pro-PO. Fur ther, lar vae were used because at this stage they are extremely sensitive to environmental conditions (Min et al. 2006 , Morales-Ramos et al. 2010 , Urrejola et al. 2011 . We acclimated T. molitor lar vae to different combinations of temperature variability and compared the vulnerability and responses of two of their constitutive immune traits to such experimental climate extremes and variability of temperature (but see also Arias et al. 2011 for trade-offs among ontogenetic states).
METHODS

Mealworm cultures
Larvae of T. molitor were randomly selected from a stock culture maintained since the year 2000 under laboratory conditions (23 ± 2 °C (SD) and 12:12 photoperiod) and fed with a mixture of fl our (60 %), oats (20 %), yeast (10 %) and bran (10 %), and apples ad libitum. Insects were kept in plastic containers carefully cleaned and autoclaved, mixed dry food was heated at 70°C for 72 h to eliminate pathogens and parasites. 30 larvae with similar body mass (ca. 0.16 ± 0.03 g (SD)) were used for the experiments and different sets of animals were used for each measurement to avoid any effect of previous manipulations on the data obtained. Animals included in the experiments showed no signs of moulting.
Acclimation to temperature variability
Individuals were randomly assigned to one of three thermal treatments in climatic chambers according to our previous protocols (see Bozinovic et al. 2011a , 2013 , Folguera et al. 2009 ). In one of the treatments temperature was maintained at 20 °C (δ = 0, δ0 group) or constant temperature regime. In the other two treatments, temperature varied during the day, reaching a maximum during the period of light and a minimum during the night (alternating temperature regimes): 28-12 °C (δ = 8, δ8 group) and 24-16 °C (δ = 4, δ4 group), in all cases diurnal temperature is given fi rst. These thermal scenarios represent predictions of climate change for central Chile according to http:// www.dgf.uchile.cl/PRECIS/#Escenarios_Climaticos. Specimens were fed ad libitum during all experimental time. At the end of the acclimation period (3 weeks, sensu Catalán et al., 2011) and to test for the effect of our thermal treatments on immune response we measured two haemolymph immune variables in individual larvae, namely: antibacterial activity and haemolymph phenoloxidase (PO) activity. We used ten individuals per treatment.
Immune traits
To measure antibacterial activity, haemolymph (5 mL) was obtained with a Hamilton syringe and diluted with 24 mL PBS, and 1 mL of an overnight culture (approximately 2.5 * 10 6 CFU ml -1 ) of streptomycinresistant Micrococcus luteus was added to the solution. The mixture was incubated at 30 °C with agitation at 150 rpm for 1 h. Then, the mixture was diluted 100 times and plated on LB agar containing 5 mg ml -1 streptomycin (Sigma S6501). The mixture (50 and 100 ml) was spread onto two plates for each animal. Plates were incubated at 30 °C for 48 h. The number of colonies was counted on each plate and the mean number of colony-forming units (CFU) per ml of mixture spread on the two plates was used to calculate the antibacterial activity as the percentage of dead bacteria relative to control plates without larval haemolymph (Catalán et al. 2011 (Catalán et al. , 2012 .
On the other hand, to measure PO activity, haemolymph (5 mL) was added to 200 ml of ice-cold PBS at pH 6.4 in an Eppendorf tube and vortexed. Samples were frozen at -80 °C until use. PO activity was assayed spectrophotometrically with L-Dopa as substrate. L-Dopa (Sigma D9628, 100 mL, 20 mM) was added to 100 mL buffered haemolymph and the OD (492 nm) of the mixture was determined at 25 °C with a microplate reader (Packard Bioscience model AS 10001) at 10 min intervals during 90 min. Enzyme activity, expressed as PO units per ml haemolymph, was obtained as described in Catalán et al. (2012) .
Statistical analyses
The effects of thermal variability on antibacterial and phenoloxidase activities were tested using an ANOVA test with fi xed factor (acclimation temperature variability: d0, d4 and d8). Antibacterial activity and phenoloxidase activity data were transformed with Arcosin (√antibacterial activity/100) and Log 2 (phenoloxidase activity), respectively to meet assumptions, and covariance between body mass and all traits was tested. All data were tested for normality and homoscedasticity with Kolmogorov-Smirnov and Levene tests. When differences were signifi cant at P< 0.05 after the general linear model tests, a posteriori Tukey HSD test for multiple comparisons were used. All statistical analyses were conducted using Statistica 6.0 software (Statsoft Inc., Tulsa, OK). Values are expressed as arithmetic mean ± 1 SD.
RESULTS
Antibacterial activity dif fered significantly between different thermal treatments (ANOVA: F 2,27 = 3.67, P = 0.039). Antibacterial activity was higher at a constant thermal condition (d 0) than it was at the highest thermal variability (d 8) (Tukey HSD: d0/d8: P = 0.032). No statistical differences either between d0 and d4 (Tukey HSD: d 0/ d4: P = 0.226) or between d4 and d8 (Tukey HSD: P = 0.592) (Fig. 1) were observed. In addition, variances of antibacterial activity were larger under the more variable thermal conditions (d4 and d8) than the obser ved at a constant temperature. Under constant temperature conditions, antibacterial activity ranged from 60.8 to 83.6 %, SD = 0.072. At the d4 thermal treatment antibacterial activity varied from 32.3 to 88.7 % , SD = 0.170. Finally at d8 thermal acclimation, antibacterial activity ranged from 2.8 to 65.5 %, SD = 0.211.
Similarly to antibacterial response, PO activity differed signifi cantly among treatments (ANOVA: F 2,27 = 3.65, P = 0.040). However, the higher enzymatic activity was recorded in animals living in the most variable (d8) thermal condition. The a posteriori test showed statistical dif ferences with the intermediar y variability thermal condition (Tukey HSD: d4/d8: P = 0.031) (Fig. 2) . Finally, standard deviations did not show any pattern being 1.83, 1.93 and 1.14 for d0, d4 and d8 treatments, respectively. shifts in the geographical distribution of hostpathogen interactions (Demas & Nelson 2011). The ecological effects of climate change have been mainly correlative, rather than focused on the primar y mechanisms responsible for the observed patterns. Consequently, there is a need for ecological and evolutionary physiology studies to approach this important problem and characterize the biological processes behind these changes (Somero 2005 , 2011 , Helmuth et al. 2005 , Denny & Helmuth 2009 , Bozinovic et al. 2011b , Spicer & Gaston 1999 , Huey et al. 2009 ).
The expected increasing in the frequency of extreme environmental conditions should have an even greater impact on interactions within ecological communities than the increase in average temperatures. However, Fig. 1 : Statistical values of antibacterial activity at different thermal treatments. The % of colony-forming units (CFU) relative to the control group is indicated. The boundary of the box closest to zero indicates the 25th percentile, a line within the box marks the median and the boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles, respectively. Similar letters indicate differences that are not statistically signifi cant between thermal treatments. Control is haemolymph free.
Valores estadísticos de actividad antibacteriana a diferentes tratamientos térmicos. Se indica el % de unidades formadoras de colonias (CFU) en relación al control. El límite de la caja cercana a cero indica el percentil 25, la línea dentro de la caja marca la mediana y los límites de la caja alejada de cero marcan el percentil 25. Las barras de error sobre y bajo la caja indican los percentiles 90 y 10. Las letras similares indican diferencias que no son estadísticamente diferentes entre los tratamientos térmicos. El control es sin hemolinfa.
DISCUSSION
The impact of increased frequency of extreme thermal events on diseases and immunological responses remains unknown (Bur roughs 2007). Although epidemiological studies have established relationships between climate variability (e.g. El Niño Southern Oscillation or ENSO) and outbreaks of infectious diseases, the mechanisms responsible for these interactions remains elusive (Checkley et al. 2000) . Our data suggest that thermal variability may modify host resistance and immunological response per formance, and can lead to changes in the physiology of host-pathogen interactions. The most likely ecological consequences are the discussion, predictions and studies of the ef fects of climate change on host-pathogen interactions has fundamentally focused on the possible range expansion of diseases owing to a gradual increase in mean temperatures (Seppälä & Jokela 2010) . For example, on the pathogenic interaction of fungi-locust that represents an attractive alternative to chemical pesticide in the control of locusts and, the ef fectiveness of fungi in killing the host is variable and depends both on environmental temperature and internal physiological state (Catalan et al. 2012) . In short, the infectivity of the pathogens and their speed of killing can vary greatly due to changes in mean and variance of environmental temperature and host immunological physiology. Most insect immune responses are believed to result from the coordination between components of the humoral and the cellular immune systems. The fi rst is manifest largely as soluble proteins and peptides that respond to non-self either by neutralizing it via toxic effects, or by signalling its presence in the haemocoel. The cellular response consists of reservoirs of the soluble humoral components which are released upon contact with suitable signals and cells that respond to non-self by undergoing morphological and behavioural change and encapsulating the immunogenic substrate (Gillespie et al. 1997 , Lavine & Strand 2002 . In short, the cells attach to the surface of the immunogen and fl atten out, thereby slowly covering its surface with a layer of self tissue, which is melanized This process ef fectively exter nalizes the pathogen: the process of melanisation is controlled by the enzyme phenoloxidase and produces cytotoxic products which may of themselves kill the pathogen, but which also provide structural integrity to the encapsulation cells (Siva-Jothy & Thompson 2002) .
Previous results indicate that immune response of insects is affected by environmental temperature (Ouedraogo et al. 2003 , Zibaee et al. 2009 , Rolff & Reynolds 2009 , Adamo & Lovett 2011 . Par ticularly, the constitutive immune response seems to be highly sensitive to thermal conditions, being higher at elevated temperatures (Catalán et al. 2012) . From now it seems clear that not only average temperatures are important on host-parasite interaction, but also its variation. Consistently with studies on amphibians (Raf fel et al. 2006,) and fi sh (Hori et al. 2012) we observed that antibacterial activity was higher under a constant temperature regimen, contrarily to expect if we consider that under variable temperatures, insects were exposed to higher daily temperatures than those at constant regimen. Then, we hypothesized that a stress associated mechanism may affect negatively the constitutive immune activity in T. molitor (Adamo & Parsons 2006) . Some hypotheses have been proposed about the link between stress response a n d i m m u n e f u n c t i o n a n d t h e y p o i n t principally to how energy and resources are assigned to the dif ferent processes in order to maintain the organism functionality. One common hypothesis ("energy crisis" hypothesis) proposes that stress-induced immunosuppression allows animals to assign more energy to fl ight or fi ght behavior (Råberg et al. 1998 , Segestrom 2007 due to that immune response is expensive. But, since physiological processes are not only limited by energy but by specifi c molecules too, the "resource crunch" hypothesis suggests that some of these changes will result in resources being shifted away from the immune system in order to optimize the fl ight-or-fi ght response (Wingfi eld 2003 , Charmandari et al. 2005 . Also, in lar val dragonfl ies and butterfl ies reduced their immune function after reproductive activity and/or mating behavior in males. These results suggest the existence of engagements b e t w e e n t h e r e p r o d u c t i v e p o t e n t i a l physiological and immune responsiveness in insects and the high energy cost of this response (Schmid-Hempel 2011) .
But what stress mechanism could explain a depletion of immune activity under variable thermal conditions? Immune response and stress have a convergent mechanism. During a stress response, at least two impor tant neurohormones are released: octopamine and adipokinetic hormone. The first is released not only under a stress conditions, but too under an immune challenge (Orchard et al. 1993) . It is well known that octopamine increases hemocytes mobility in G. mellonella (Diehl-Jones et al. 1996) which could enhance immune response, but the addition of heatkilled bacteria decreased the hemocytes number (Adamo 2010). Even that, we measured constitutive immune response without an immune challenge, then we proposed that the mechanism under the obser ved pattern where a higher thermal stress induce an immunosuppressive response is more related with the action of octopamine on lysozyme-like activity. The simplest mechanism proposed by Adamo (2010) is that hemocytes become less likely to release lysozyme-like enzymes. In these sense, octopamine and adipokinetic hormone induce lipid released (Orchard et al. 1993 , Woodring et al. 1989 , and the increase in lipid transport leads to a decline in immune sur veillance, resulting in decreased disease resistance (Adamo et al. 2008) . In insects, the protein apolipophorin III (apoLpIII) combines with a high density lipoprotein to form a low density lipophorin (Weers & Ryan 2006) to carr y large amounts of lipid liberated from fat body, in order to cope with necessities of energy (Zera et al. 1999) . However, the monomeric form apoLpIII also has immunological functions recognizing pathogen molecules as LPS, lipoteichoic acid and bacterial sur faces (Halwani et al. 2000) , as well as to 1,3-glucans and fungal conidia (Whitten et al. 2004) . After bound to pathogens or its components, apoLpIII, promotes cellular immune reaction such as phagocytosis (Wiesner et al. 1997) and an increase in antibacterial activity in the haemolymph (Wiesner et al. 1997 , Dettloff et al. 2001 . But, when octopamine and adipokinetic hormone induce lipid released from fat body in insects, apoLpIII shift its function toward lipid transport (Weers & Ryan 2006) 
